U-shaped channel, which is also called two-pass channel, commonly exists in gas turbine internal coolant passages. Ribbed walls are frequently adopted in internal passage to enhance the heat transfer. Considering the rotational condition of gas turbine blade on operation, the effect of rotation is also investigated for the coolant channel which is close to real operation condition. Thus, the objective of this study is to discuss the effect of rotation on fluid flow and heat transfer performance of U-shaped channel with ribbed walls under high rotational numbers. Investigated Reynolds number is Re = 12500 and the rotation numbers are Ro = 0.4 and 0.6. In the results, the spatially heat transfer coefficient distributions are exhibited to discuss the effect of rotation and roughened walls. It is found that ribbed walls enhance the heat transfer rate significantly. Under the rotational condition, the Nu in the first pass with outward flow is increased while that in the second pass is decreased. Finally, average Nu ratio, friction ratio, and thermal performance are all presented to discuss the thermal characteristics.
Introduction
Gas turbine is one kind of widely used power machineries which has been applied in land use power generation system and aircraft propulsion. The continuous development of gas turbine requires more and more efficient cooling technology for turbine blade. Han [1] conducted a lot of work in this area and demonstrated a schematic diagram of typical techniques for turbine blade cooling process which is presented in Figure 1 . Among these techniques, rib turbulated cooling in internal passage is the most commonly adopted approach in gas turbine blade. Han and his coworkers [2] [3] [4] [5] [6] [7] [8] have conducted a large amount of research in this area including the discussions of aspect ratio, Reynolds number, channel shape, rib configurations, and so on.
In gas turbine blade, serpentine channel which is also called U-shaped channel with a 180 degree sharp bend is more common and complex than straight cooling channel as is discussed by Ekkad et al. [9] who considered the effect of secondary flow induced by ribs and 180 degree bend. Walker and Zausner [10] used commercial solver ANSYS CFX to predict heat transfer in a ribbed two-pass channel and indicated that k-w SST is an optimal turbulence model for engineering applications. Bonhoff et al. [11] numerically investigated a two-pass channel with 45 degree ribs using the commercial solver FLUENT with Reynolds stress model (RSM) and standard k-model. Viswanathan and Tafti [12] conducted numerical simulation on a two-pass channel with ribs using the advanced LES (large eddy simulation) and DES (detached eddy simulation) to present the detailed flow characteristics.
The rotational effect in turbine blade affects the flow and heat transfer characteristics considerably. Rotation induces Coriolis and centrifugal forces that produce cross-stream secondary flow in the rotating coolant passages. Especially in U-shaped channel, the effect of rotation on the first pass and second pass is different due to the different outward flow and inward flow. Agarwal et al. [13] investigated the heat transfer in 1 : 4 rectangular passages with rotation. They performed experimental test on smooth and ribbed walls using the naphthalene sublimation technique. The influence of channel orientation on heat transfer in two-pass channel with smooth and ribbed walls when AR = 2 : 1 is conducted by Huh et al. [14] whose main focus is the rotational orientation. Murata and Mochizuki [15] adopted large eddy simulation to investigate the turbulent heat transfer performance for a ribbed channel with turning bend. Liu et al. [16] investigated the effect of rib spacing which is varied in a large range on heat transfer in rotating two-pass channel (AR = 1 : 2). They compared the heat transfer characteristics in different rotational number with different rib space. In order to be similar with real blade coolant passage, a modified entrance is added to the channel inlet as in the literature of Huh et al. [17] and Schüler et al. [18] . In their study, different entrance modifications were made to make the fluid flow close to real engine conditions. They concluded that the effect of entrance inlet on the heat transfer performance cannot be ignored. The effect of entrance was also documented by Bunker [19] considering the entropy generation. Other attempts were also made to measure the heat and mass transfer of ribbed rectangular channel on bottom heated surface by Galanis and Rashidi [20] . To the author's knowledge, the investigation of the effect of high rotational number is not as abundant as rotational number, which is up to 0.2 for two-pass channel due to the experimental restrictions. Also, most of studies on the fluid flow and heat transfer in twopass channel are based on experimental tests. The detailed flow characteristics, especially the friction penalty, are not referred to in the literature. Thus, we conducted numerical predictions on the fluid flow and heat transfer performance on a two-pass channel under a high rotational number of up to 0.6 and presented the flow performance and friction factor to reveal the overall thermal performance. Results which are presented include surface Nusselt number distributions, channel friction factors, and overall thermal performance parameters under different conditions.
Description of the Problem
Numerical calculations were conducted on U-shaped cooling channel with ribbed walls. The baseline smooth U-shaped channel is referred to from the test model conducted by Tariq et al. [21] . Figure 2 is a schematic diagram of the test channel. As shown in this figure, roughened ribs are allocated in the first and second pass of channel. An additional rib is also placed at the center of the turning bend in order to enhance the heat transfer again in this area. Both inlet and outlet of the channel are composed by a rectangular cross-section with a channel aspect ratio ( / ) of 1 : 1. The hydraulic diameter of the inlet cross-section is 69.9 mm according to the value of and . Typical parameters of U-shaped channel are length of single pass way 1 = 800 mm, the flow gap of the 180 degree bend 2 = 88.9 mm, and tip distance of the turning bend 3 = 25.4 mm. An extended adiabatic inlet segment with a length of 15 times the hydraulic diameter was added in order to obtain a relative fully developed flow. Arrays of square ribs ( / = 1) in an inline arrangement are arranged on one surface of the channel which is clearly exhibited in Figure 2 while other surfaces are all smooth. The rib block ratio ( / ℎ ) is 0.065 and the height normalized pitch ( / ℎ ) is 1.25. The placement of the ribs is orthogonal to the flow direction.
Since rotational conditions are discussed in this study, the location of the rotation axis and rotational orientation are worth mentioning. Figure 2 also presents coordinate system and information about rotation from two coordinate directions. The rotational direction is identified by stating that ribbed surface is the rotating trailing surface.
For the mesh generation, all meshes on ribbed surface and turning bend regions are made quite denser to successfully capture the heat transfer performance which results in the fact that + is near 0.5-1 at all heated surfaces. After the grid independency study, the final adopted mesh numbers for Mathematical Problems in Engineering 3 smooth and ribbed channels are approximately 0.8 and 2.6 million.
For the computational study, Navier-Stokes equations were solved using the commercial finite-volume solver CFX with the turbulence model of --SST model. The solutions of the conservation equation of mass, momentum, energy, and turbulence transport were converged with high resolution scheme. The rotation was realized by employing body force terms in the momentum and energy equation. In this paper, the channel inlet Reynolds number of 12500 was considered. The flow at the inlet owns a constant temperature of 300 K and a turbulent intensity of 5%. The outlet of the domain in the second channel part is of stable average pressure of 1 atm. Thermal boundary was imposed on the ribbed wall with constant heat flux ratio. For rotational cases, rotation factors were considered with values of 0.0, 0.4, and 0.6.
The Reynolds number in the present study is defined by
The Nusselt number Nu is described by the following two equations:
where ℎ is the heat transfer coefficient and is the thermal conductivity of air based on the mean temperature of the inlet and outlet temperatures. is the local wall temperature distribution. is the mass-weighted average temperature between the inlet and outlet of corresponding segments including first pass, turning bend, and second pass. Baseline Nusselt number is obtained by
The average friction coefficient is described by the following equation:
where Δ is the pressure drop between the channel inlet and outlet sections and Δ is the streamwise length the fluids pass through. Baseline friction ratio 0 is proposed by Petukhov using the Karman-Nikurade equation which is obtained by 0 = 2(2.236 ln Re − 4.639) −2 . Figure 3 presents the limiting streamlines on the surface and three-dimensional streamlines near the bend for the smooth channel. No excursion is observed until the fluids pass the sharp turning bend. Bend induced dean vortices are obviously observed in this region. Due to the excursion of fluids through the bend, centrifugal force drives the fluids towards the inner surface as the arrow shows in Figure 3(a) . From the 3D streamlines near the bend shown in Figure 3 (c), severe turbulence and secondary flow patterns exist in this area. It is also worth pointing out that the 3D streamlines are colored by turbulence kinetic energy. The TKE of fluids after the bend is more considerable than that in the first pass and this is also a reason for the difference of heat transfer performance in the two channel passes. In Figure 3(b) , streamlines for rotational condition (take Ro = 0.6 as an example) are shown. Similar flow patterns exist for the rotation condition. However, the deviations of flow streamlines in the second pass differ from those in the stationary case. For ribbed channel, other secondary flow patterns can be observed near the rib surface. Figures 4(a) and 4(c) plot the limiting streamlines near the ribbed bend region and corresponding 3D streamlines. It can be observed that rib surface disturbs the fluid flow through the channel. The impingement on rib front surface and separation area behind rib can be observed from the streamlines. The highly vortical fluids near the rib and bend can be seen from the 3D streamlines. The highly turbulent flow results in more energized fluid flow accompanied with high heat transfer rate.
Results and Discussions
The local heat transfer distributions of the smooth and ribbed two-pass configurations are shown in Figures 5 and 6 separately. The Nu/Nu 0 distributions on the heated surface for smooth channel are shown in Figure 6 . It is observed that high heat transfer rate exists near the inlet region which decays towards the bend area. The Nu distribution is symmetric until the bend area which is in accordance with the flow patterns. Flow impingement and Dean vortices led to areas of considerably higher heat transfer on the tip wall and the outlet pass sidewall. Heat transfer in the outlet pass downstream of the bend was strongly enhanced because of local flow constriction due to the flow deviation and separation bubbles and it is rapidly decayed in about 3-4 ℎ and approaches stable until the channel outlet. While with rotation, in the first pass, the fluids are shifted towards the trailing surface and hence enhance the heat transfer in these areas because the flow in the first pass is outward flow. The combined effect of rotating centrifugal force and bend induced secondary flow makes the heat transfer in bend region close to the stationary case. In the second pass, the rotating force for inward flow condition decreases the heat transfer in the trailing surface as is shown. Figure 6 plots the Nu/Nu 0 distributions for the ribbed two-pass configuration. For the none-rotating condition, the heat transfer in the first pass is mainly dominated by ribinduced secondary flow. Typical Nu distribution pattern of square rib is observed from the detailed pictures. Nu ratio is higher near the inlet due to the entrance effect and decreases along the flow direction until the turning bend which is almost symmetric. The Nu value of the section most close to the bend is almost close to the baseline Nu 0 . Higher Nu occurs on the bend region than the smooth channel due to the rib-induced flow patterns especially the middle rib across the bend centerline. Coming to the second pass, the deviation of fluids by the bend and rib-induced vortex mix with each other. Similar heat transfer distributions can be observed at the different sections, which decay gradually. Heat transfer distribution for rotational case is shown in Figure 6 (b). Similar with the smooth channel, heat transfer coefficient is increased in the first pass and the distribution patterns between successive ribs are different from stationary case because the rotating Coriolis force makes the fluids shift and impinge on the trailing surface. Nu is obviously enhanced in the first pass but the values on the bend region are even slightly decreased. In the second pass, rotation Coriolis force interacts with the rib-induced vortex which decreases the heat transfer rate. The similar distribution pattern of sections between ribs disappears which is also exhibited in the streamlines above where fluid streamlines deviate between outer sidewall and the divider. Above all, the effect of rotation on the second pass is more marginal than other areas. Tables 1 and 2 show the averaged heat transfer enhancement ratio and friction penalty. It is concluded that, for smooth channel, the increase of rotational number leads to lower averaged heat transfer rate. While for ribbed channel, due to the change of flow separation zone, the averaged heat transfer rate is higher at higher rotational number. For all channels, higher friction ratio is obtained at higher rotational number due to larger wall shear.
Conclusions
In the present study, numerical researches were conducted on the heat transfer performance in U-shaped channel arranged with ribbed walls. The objective of this study is to discuss the combined effect of rib and rotation on thermal performance of U-shaped channel. Specific conclusions are as follows.
In the U-shaped channel, heat transfer rates in secondary pass are obviously higher than those in the first pass. Complex flow separation, reattachment, and deflection with significant secondary flow phenomenon exist near the 180 degree turning bend and result in high heat transfer rates in this area. Rib structure will enhance the heat transfer rate due to flow constriction and reattachment.
Under the effect of rotation, the Coriolis force will increase the heat transfer rate in the first pass for outward flow while it will decrease the heat transfer rate in the second pass as inward flow. For the averaged Nu of the channel, 
